The singlet excited states of oxirane and thiirane derivatives, ethylene oxide, (R)-methyloxirane, (2S,3S)-dimethyloxirane, ethylene sulfide, (R)-methylthiirane, and (2S,3S)-dimethylthiirane, were calculated employing the symmetryadapted cluster (SAC)/SAC-configuration interaction (CI) method. The rotatory strengths of the CD spectra were calculated in the velocity form, which is gauge-origin independent. Both the ultraviolet (UV) spectra and the circular dichroism (CD) spectra obtained with the SAC-CI method were in good agreement with the experimental spectra. In oxirane derivatives, the low-lying excited states were composed of excitations from n and · orbitals to s, p, and d Rydberg orbitals. The excitation from the · orbital was especially important in (2S,3S)-dimethyloxirane because of the steric effect of the methyl substitutions. However, in thiirane derivatives, the excitations to the low-lying excited states were only from the n orbital.
Introduction

Circular dichroism (CD)
1 is a powerful spectroscopic technique for determining the absolute configuration of chiral molecules. Many theoretical approaches toward understanding experimental CD spectra have recently been reported, including the ab initio self-consistent field (SCF) method, 2, 3 multireference configuration interaction (MRCI) method, 46 time-dependent density functional theory (TDDFT), 712 and coupled-cluster (CC) level theories. 1321 The electronic spectra of methyl-substituted oxirane and thiirane have been the subjects of many experimental 24, 22 and theoretical studies. 221 Furthermore, CD spectroscopy can provide additional information about the excited states of substituted oxirane and thiirane derivatives. These threemembered rings are small molecules with chiral properties and rigid structures, and the previous theoretical studies have shed light on the electronic structures of the ground and excited states of methyloxirane, trans-2,3-dimethyloxirane, methylthiirane, and trans-2,3-dimethylthiirane. Peyerimhoff and co-workers 46 reported that the theoretical CD spectra obtained using the MRCI method reproduced the shape of the experimental UV and CD spectra, but the calculated peak positions were lower for the oxirane derivatives and higher for the thiirane derivatives than those of the experimental spectra. This was similar to the theoretical CD spectra obtained by the TDDFT method. 9, 11, 12, 14 On the other hand, the CC method 15, 18 gave, in general, a better agreement with the experimental CD spectra in both the shapes and the peak positions.
In particular, Crawford and co-workers 1518 reported systematic theoretical studies of optical rotatory dispersion and electric CD spectra using CC linear-response theory (LRT). 23 The CD spectra of methyloxirane and methylthiirane were in good agreement with the experimental spectra, for both the excitation energies and the rotatory strength. 18 They extended similar calculations to many other molecules.
Recently, the symmetry-adapted cluster-configuration interaction (SAC-CI) theory 2433 has provided the CD spectra of dichalcogen derivatives 28, 29 and uridine, 30 in which the gaugevariant method was used. However, a gauge-invariant method is necessary for calculation on larger molecules, in contrast to these small molecules. Herein, we calculate the vacuum ultraviolet (VUV) and CD spectra of the methyl-substituted oxirane and thiirane derivatives employing the SAC-CI theory using a gauge-invariant method. The SAC-CI method has been well established since 1978 24, 25, 27, 33 as a reliable and useful method for studying ground and excited states, ionized states, and electron-attached states. The CCLRT is essentially the same theory as the SAC-CI theory.
Rotatory Strength
The rotatory strength (R 0a ) of the CD spectra can be calculated using the length-gauge expression, which is the imaginary part of the scalar product of the electric and the magnetic transition moments between the ground state (Ψ 0 ) and the excited state (Ψ a ). 34 R 0a ¼ ImfhÉ 0 j®jÉ a ihÉ a jmjÉ 0 ig ð1Þ where® is the electric dipole moment operator andm is the magnetic dipole moment operator. The electric transition dipole moment is gauge-origin independent if the ground and excited state wave functions are orthogonal to each other. However, the magnetic transition dipole moment is gauge-origin dependent.
For this reason, we use a different expression for the CD rotatory strength as given by,
which is in the velocity form and gauge-origin independent.
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Equation 1 is readily transformed to eq 2 using the Hypervirial theorem: 36 hÉ a jrjÉ 0 i ¼ ðE a À E 0 ÞhÉ a j®jÉ 0 i ð 3Þ
In the present work, we give the results in both the length and velocity forms in the tables, and in only the velocity forms in the figures.
Computational Details
The ground state geometries of the oxirane and thiirane derivatives were optimized with Gaussian03 37 using the densityfunctional theory (DFT) 3841 with B3LYP functional 42, 43 for the 6-31G(d,p) basis set. 44, 45 For the SAC/SAC-CI calculations, the basis functions employed were cc-pVTZ 46, 47 sets plus double Rydberg functions 48 for the C, O, S, and H atoms of the threemembered rings, and cc-pVDZ 46, 47 sets plus double Rydberg functions for the methyl substitutions. Double Rydberg s and p functions were placed at the center of gravity. In the calculations of (R)-methyloxirane, we employed cc-pVTZ sets plus double Rydberg functions for the C, O, and H atoms of the threemembered rings, and cc-pVDZ sets for the methyl substitutions to verify the gauge-origin dependence described below.
In the SAC-CI calculations, the core orbitals of the C, O, and S atoms were treated as frozen orbitals, and all singles and selected doubles were included. Perturbation selection 49 was carried out with the threshold sets of 1 © 10 ¹6 hartree for both the SAC and SAC-CI calculations. The SAC-CI CD spectra were convoluted with Gaussian envelopes for description of the FrankCondon widths and the resolution of the spectrometer. The full width at half maximum (FWHM) of the Gaussian was 0.4 eV. The gauge origin was placed at the center of gravity in all calculations except for those checking for the gauge-origin dependence.
Results and Discussion
4.1 Gauge-Origin Dependence. Table 1 shows the gaugeorigin dependence of the rotatory strengths of (R)-methyloxirane, which are calculated in both length and velocity forms at z = 0.0 and 100.0 ¡. The gauge origin is at the center of gravity for z = 0.0 ¡ and is 100.0 ¡ away from the center of gravity for z = 100.0 ¡. Both results in the velocity and length forms are similar for z = 0.0 ¡; however, the results in the length form for z = 100.0 ¡ are significantly different from those at z = 0.0 ¡. Both the signs and absolute values are different, while both results in the velocity form are the same, i.e., gauge-origin independent. If we calculate for small molecules such as the present three-membered rings, we can get reliable results in both length and velocity forms when the gauge origin is at the center of gravity or oxygen atom. However, if we calculate for large molecules such as biological molecules, the results in velocity form are more reliable than those in length form, because we do not know where the gauge origin should be. In the present results, we show the results in only the velocity form in the figures and in both forms in the tables for comparison. Both results are similar because the gauge origin is at the center of gravity.
4.2 Ground States and the Difference between the Oxirane and Thiirane Derivatives. Figure 1 shows the orbital energies of the HartreeFock MOs in the HOMO and next-HOMO regions of the oxirane and thiirane derivatives. In oxirane derivatives, the HOMO and next-HOMO are the · and n(O) orbitals, respectively, and their energies are nearly the 10 (2009) same in ethylene oxide (EO). However, the methyl substitutions make the orbital energies of both the · and n(O) orbitals high, and the energy gap between the HOMO and next-HOMO becomes larger than that of EO (0.002 au), to 0.014 au in (R)-methyloxirane (RMO) and to 0.019 au in (2S,3S)-dimethyloxirane (SSDMO). The methyl substitutions affect the · orbital more than the n(O) orbital, because the · orbital has a large amplitude on the carbon atoms of the three-membered rings while the n(O) orbital has the amplitude on the oxygen atom. Although the excitation from the n(O) orbital is lowest, the excitation from the · orbital is also important in the low-lying excited states. Furthermore, the excited states from the · orbital are lower in RMO and SSDMO than in EO.
In the thiirane derivatives, the HOMO is the n(S) orbital, which is perpendicular to the plane of the three-membered ring like the n(O) orbital, and its energy is higher than that of the n(O) orbital of the oxirane derivatives by 0.1 au The next-HOMO is the n(S) 2 , which is on the plane of the threemembered ring. However, the · orbital has a similar energy to that in the oxirane derivatives. The n(S) and n(S) 2 orbitals are less stable than n(O) because they are 4p orbitals. Although the methyl substitution affects the n(S) orbital a little, the · and n(S) 2 orbitals are greatly affected through the carbon atoms of the three-membered ring. The lowest excited state is the excitation from the n(S), and there exist no excited states from the · orbital below 8.0 eV.
All of the excited states of the oxirane derivatives are excitations to the Rydberg states in the energy range calculated in the present work, because the methyl substitutions make the orbital energies of both the · and ·* orbitals higher. However, the first excited states of the thiirane derivatives are the excitation from the · to the ·* orbital, and some Rydberg excited states also contain the excitation to the valence orbital (·*). The reason for this is shown in Figure 1 . The ·* orbital is stable in the thiirane derivatives more than 0.1 au, compared with that of the oxirane derivatives, although the · orbital of the thiirane derivatives is less stable than that of the oxirane derivatives by a little. The bond length between the carbon and oxygen is about 1.434 ¡ in the oxirane derivatives, while that between the carbon and sulfur is about 1.845 ¡ in the thiirane derivatives. This leads to the unstable nonbonding (n(S)) and the stable antibonding (·*) orbitals in the thiirane derivatives. The methyl substitutions make the orbital energy of the ·* orbital lower in the thiirane derivatives, opposite to that in the oxirane derivatives, because the bond length between the carbon and sulfur is longer in SSDMT than in ES by about 0.016 ¡.
4.3 VUV Spectrum of Oxirane (EO). Table 2 shows the excitation energies (EE), oscillator strengths (Osc), second moments ©r 2 ª, and the nature of the excitation of the SAC-CI results for EO, which are compared with the experimental spectrum in Figure 2 . Fine structure is observed in the first three (I, II, and III) bands in the experimental spectrum. In the absorption spectrum of EO, the first (I) band is assigned to the 1 1 B 1 state (7.25 eV), which is the excitation from the n(O) to the 3s Rydberg orbital. Next, there are three states that are the excitations from the n(O) to the 3p Rydberg orbitals. , which is the excitation from the · to the 3p Rydberg orbital. Vibrational structure is observed in the three (I, II, and III) bands of the experimental spectrum. The fourth (IV) band, with the strongest intensity, is assigned to the 1 and the 5 1 B 2 state is the excitation from the · to the 3d Rydberg orbital. Thus the excitations to the 3d, 4s, 4p, and 4d Rydberg orbitals are important in the region higher than the strongest peak (VI). Therefore, to study the peaks in the higher region, the basis set used in the calculations must include higher Rydberg orbitals than those in the present calculations.
4.4 VUV and CD Spectra of (R)-Methyloxirane (RMO) and (2S,3S)-Dimethyloxirane (SSDMO). Table 3 shows the EE, Osc, rotatory strengths in both the length and velocity forms, ©r 2 ª, and the nature of the excitation for RMO. Figure 3 shows for RMO the experimental VUV and CD spectra compared directly with the SAC-CI results. The SAC-CI absorption peak is shown by a vertical line proportional to the calculated intensity at the calculated excitation energy. There are three principal bands in the experimental CD and VUV spectra. The first one (I) is observed in the range between 7.0 and 7.2 eV and has a rotatory strength with a negative sign. The second (II) is observed in the range between 7.5 and 8.0 eV and has a rotatory strength with a positive sign. The third (III) is a broad band with a negative sign in the range between 8.1 and 8.9 eV.
The first (I) band is assigned to the 1 1 A state (7.01 eV), which is the excitation from the n(O) orbital to the 3s Rydberg orbital. Vibrational structures are observed in the experimental VUV and CD spectra. The second (II) CD band is composed of one negative (2 is the excitation from the · to the 3p Rydberg orbital, and has the strongest rotatory and oscillator strengths. The CD spectrum is negative because most strong peaks in the 10 states are negative.
The theoretical SAC-CI results and the experimental results of SSDMO are shown and compared in Table 4 and Figure 4 . Four (I, II, III, and IV) bands are observed in the experimental CD spectrum. The first (I) band is positive in the range between 6.9 and 7.1 eV, the second (II) band is negative at 7.35 eV, and the third (III) band is positive in the range between 7.5 and 8.0 eV. A fourth (IV) band is negative in the range between 8.1 and 8.4 eV. The second (II) and third (III) bands appear as one peak in the VUV spectrum.
The first (I) band is assigned to the 1 1 B state (7.07 eV), which is the excitation from the n(O) to the 3s Rydberg orbital. Vibrational structures are observed in the experimental VUV and CD spectra as for RMO. The second (II) band corresponds to the 1 1 A state (7.39 eV), which is the excitation from the n(O) to the 3p Rydberg orbital. The 2 1 B (7.53 eV) and the 2 1 A T
Rydberg orbitals, have strong oscillator and rotatory strengths and corresponds to the peak at 8.15 eV of the experimental CD spectrum. However, the fourth (IV) band of the CD spectrum is not strong compared with the VUV spectrum, because the 5 1 B is negative and the 4 In Figure 5 , there are three peaks that correspond to the excitations from the n(O) to the 3p Rydberg orbitals. Two states are not affected by the methyl substitutions, but the 1 A state (7.66 eV) in SSDMO. The methyl substitutions affect the · orbital more significantly than the n(O) orbital, as shown in Figure 1 . This is because the · orbital is on the plane of the three-membered ring in EO, but inclines from the plane in both RMO and SSDMO. Therefore, the energy of the · orbital is highest in SSDMO and lowest in EO.
There are three peaks that correspond to the excitations from the · to the 3p Rydberg orbitals. B state (7.99 eV) in SSDMO. These states are shifted because of the excitation from the · orbital. In particular, the 3 1 B state (7.99 eV) in SSDMO is shifted by 1.0 eV, because it corresponds to the excitation from the · to the p Rydberg orbital with an inclination of the node.
The 1 1 B 2 state (8.85 eV), the excitation from the n(O) to the 3d Rydberg orbital in EO, corresponds to the 4 1 B state (8.15 eV) in SSDMO, however, there is no state with a strong intensity corresponding to the excitation to the 3d Rydberg orbital in RMO.
4.6 VUV Spectra of Thiirane (Ethylene Sulfide: ES). Figure 6 and Table 5 show the theoretical and experimental results for ES. The low-lying excited states are the excitation from n(S) and the lowest excited state from the · orbital is the 9 1 A 1 state (8.54 eV). The first excited state is the 1 1 A 2 state (4.94 eV) with no intensity that corresponds to the excitation from the n(S) to the ·* orbital. This is very different from EO, because the molecular orbital energy of the ·* of ES is lower than that of EO by 0.09 au. However, this state is not observed in either ES or EO because it is a forbidden transition.
Three (I, II, and III) bands with vibrational structure are observed in the range below 7.5 eV in the experimental VUV spectrum. There are two peaks in the range below 6.0 eV, which is the first (I) band observed in the VUV spectrum. The 1 1 B 1 state (5.86 eV), with a very weak intensity, is the excitation from the n(S) to the 4p Rydberg orbital. The 2 1 B 1 state (5.96 eV) has a strong intensity, which is the excitation from the n(S) to the 4s Rydberg orbital. These two excited states also mix with the excitation to the ·* orbital and have a large second moment, because the valence orbitals in the thiirane derivatives are lower than those in the oxirane derivatives.
The 1 1 A 1 state (6.45 eV), also with a strong intensity, and the 2 4.7 VUV and CD Spectra of (R)-Methylthiirane (RMT) and (2S,3S)-Dimethylthiirane (SSDMT). Figure 7 shows the experimental and SAC-CI VUV and CD spectra of RMT, and Table 6 shows the details. There are four (I, II, III, and IV) bands up to 7.5 eV in the experimental CD spectrum. The first (I) band is not observed at around 5 eV in the experimental VUV spectrum and has a very small rotatory strength with a negative sign. The second (II) band is observed in the range between 5.64 and 6.34 eV and has a rotatory strength with a negative sign. The third (III) band is observed in the range between 6.34 and 7.00 eV and has maxima at 6.4 eV in the experimental VUV spectrum and at 6.65 eV in the experimental CD spectrum. The fourth (IV) band has a rotatory strength with a positive sign in the range above 7.0 eV.
The first (I) band, with a very small negative intensity, is assigned to the 1 1 A state and is calculated at 5.09 eV with very small oscillator and rotatory strengths. In the experimental VUV spectrum, we cannot see a peak in this region. It corresponds to the valence excitation from the n(S) to the ·* orbital and the first excited state of ES. This type of state is not observed in ES because it is a forbidden transition.
The second (II) band, with a negative intensity in the experimental CD spectrum, is assigned to the 2 1 A (5.85 eV) and 3 1 A (6.05 eV) states, which are excitations from the n(S) to the 4s and 4p Rydberg orbitals, respectively. The 3 1 A state has the strongest oscillator strength in the SAC-CI UV spectrum and the strongest rotatory strength in the SAC-CI CD spectrum. 22 and SAC-CI VUV spectra, (b) the experimental 6 CD spectrum, and (c) the SAC-CI CD spectrum of (R)-methylthiirane.
These states are actually excitations to mixtures of the Rydberg and the ·* orbitals. Therefore, they have small second moments and strong oscillator strengths.
The third (III) band, with a positive intensity in the experimental CD spectrum, is assigned to the 4 1 A (6.39 eV) and 5 1 A (6.61 eV) states. These peaks correspond to excitations from the n(S) to 4p Rydberg orbitals. The 4 1 A state has a large oscillator strength and is in good agreement with the strongest peak in the 6.34 to 7.00 eV range of the experimental VUV spectrum, while the 5 1 A state has a large positive rotatory strength and is in good agreement with the strongest peak in the third (III) band of the experimental CD spectrum. The 4 1 A state is in agreement with the peak at 6.4 eV but has a negative sign in the SAC-CI CD spectrum. The sign of the rotatory strength of the 4 1 A state may change upon using different basis sets, because this state has a positive sign in the CD calculations using EOMCCSD, B3LYP, and MRCI with different basis sets from the present calculation. 6, 18 However, the rotatory strength of the 4 1 A state is also negative in the SAC-CI calculation with aug-cc-pVDZ. Therefore, there is also a possibility that the 4 1 A state is assigned to the second (II) band, because the second (II) band is negative in the experimental CD spectrum. A study of the vibrational structure is required to clarify this discrepancy further.
The 6 1 A state (7.03 eV) is the lowest peak of the fourth (IV) band and corresponds to the excitation to the 4d Rydberg orbital. There are nine states calculated in the fourth band. These states are the excitations from the n(S) to 4p, 4d, 5s, and 5p Rydberg orbitals, and they require a more extensive basis set for full clarification, because the rotatory strength of the 7 1 A state is positive in the length form and negative in the velocity form. Figure 8 and Table 7 compare the SAC-CI results for SSDMT with the experimental spectra; there are two weak (I and III) and three strong (II, IV, and V) bands up to 7.5 eV in the experimental CD spectrum. The first (I) band is very weak, similar to the case of RMT. The second (II) band is observed in the range between 5.64 and 6.36 eV and has a rotatory strength with a positive sign. The third (III) band with weak positive rotatory strength is observed in the range between 6.51 and 6.64 eV. The fourth (IV) band is observed in the range between 6.65 and 7.23 eV and has a rotatory strength with a negative sign. The fifth (V) band has a rotatory strength with a positive sign in the range above 7.24 eV.
The first (I) band is the 1 1 A state calculated at 5.09 eV, which corresponds to the excitation from the n(S) to the ·* orbital. However, this state is not observed in the experimental VUV spectrum and is also very weak in the experimental CD spectrum compared with other states.
The 1 1 B state has the strongest oscillator strength. However, the 2 1 B state has the strongest rotatory strength, and the 1 1 B state is the second strongest state in the SAC-CI CD spectrum. Therefore, a study of the vibrational structure may be required to clarify this discrepancy further for SSDMT.
The 3 1 A state, with a very weak rotatory strength and no oscillator strength, is assigned to the third (III) band. This band is not observed in the experimental VUV spectrum because this band is in the middle between the second (II) and fourth (IV) strong bands.
There are 12 states in the fourth (IV) and fifth (V) band regions. They correspond to excitations from the n(S) to 4s, 4p, 4d, 5s, and 5p Rydberg orbitals. There is no state with a strong intensity. The lower five states of these states are assigned to the fourth (IV) band, because the sum of the rotatory strengths is negative. The other seven states are assigned to the fifth (V) band. However, a more extensive basis set is needed for full clarification of the fourth and fifth bands. In thiirane derivatives, the SAC-CI spectra are in good agreement with the experimental spectra in below 7 eV. However, the shapes of the SAC-CI spectra are different from those of experimental spectra in higher excitation energy region. This may be due to the lack of more diffuse basis sets.
4.8 Comparison of Oxirane and Thiirane Derivatives. In thiirane derivatives, all excited states correspond to excitations from the n(S) below 7.5 eV, because the orbital energy gap between the · and the n(S) orbitals is greater than 0.07 au. The first weak states correspond to the excitation to the ·* orbital, because the ·* orbitals of the thiirane derivatives are much lower than those of the oxirane derivatives. The second band corresponds to the excitation to the 4s (plus 4p) Rydberg orbital with strong oscillator and rotatory strengths, because these excited states are mixed with the ·* orbital. The third band is the excitation to the 3p Rydberg orbital, and the fourth is the excitation to the 4d Rydberg orbital plus other unidentified states. Thus it is easy to understand the excited states of the thiirane derivatives in the low-lying region.
In oxirane derivatives, the excitation from the · orbital is important even in the lower region, because the orbital energy gap between the · and the n(O) orbitals is less than 0.02 au (less than 0.002 au in EO). Therefore, the fifth excited state (2 1 A 1 , 8.40 eV) is the excitation from the · orbital in EO, while the lowest excited states corresponding to the excitations from the · and n(S) 2 orbitals are the 35th (9 1 A 1 , 8.54 eV) and 16th (2 1 B 2 , 7.99 eV) states in ES, respectively. Therefore, the excited states corresponding to the excitations from the · and n(S) 2 orbitals do not appear in our calculations of RMT and SSDMT, because the excited states are only calculated up to 7.5 eV.
Conclusion
In the present work, we have studied both the VUV and CD spectra of oxirane (EO, RMO, and SSDMO) and thiirane (ES, RMT, and SSDMT) derivatives, using the SAC-CI method. The results are in good agreement with the experimental VUV and CD spectra, and the nature of the CD spectra was shown to be very different from that of the VUV spectra. This has clearly deepened the understanding of the electronic structures of the compounds studied. The differences between the SAC-CI results and experimental values are within about 0.1 eV in lowlying excited states. The relative intensities of the SAC-CI spectra are also parallel with those of the experimental spectra.
When the gauge origin was placed at the center of gravity, the two rotatory strengths in the length and velocity forms were nearly identical. However, when the gauge origin was placed away from the center of gravity, the rotatory strengths in the length form were significantly different from those in the velocity form.
In the oxirane derivatives, the lowest band was composed of the excitation from the n(O) to the 3s Rydberg orbitals. In EO, the second band was the excitation from the n(O) to the 3p Rydberg orbital, and the third band was the excitation from the · to the 3p Rydberg orbital. In RMO, the second band is composed of the excitation of the n(O) to the 3p Rydberg orbital and the · to the 3s Rydberg orbital, and the third band corresponds to the excitation from the · to the 3p Rydberg orbital. In SSDMO, the second band is the excitation from the n(O) to the 3p Rydberg orbital, the third band is the excitation from the · to the 3s Rydberg orbital, and the fourth band is the excitation from the · to the 3p Rydberg orbital. The excitation energies from the · orbital are lower in SSDMO than in EO, because the orbital energy of the · orbital is raised by the methyl substitution.
In the thiirane derivatives, all bands are composed of the excitation from the n(S) orbital, because the orbital energies of the n(S) are destabilized by approximately 0.1 au. The lowest excited state is the excitation to the ·* orbital at around 5.0 eV. The second band (the first strong band) corresponds to the excitation to the 4s (plus 4p) Rydberg orbital, and the third band (the second strong band) is the excitation to the 4p Rydberg orbital. There is no state displaying an excitation from the · orbital below 8.0 eV. 22 and SAC-CI VUV spectra, (b) the experimental 6 CD spectrum, and (c) the SAC-CI CD spectrum of (2S,3S)-dimethylthiirane. 
